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Poly(ADP-ribosyl)ation (PAR) has been implicated in various aspects of the cellular response to DNA damage and genome sta-
bility. Although 17 human poly(ADP-ribose) polymerase (PARP) genes have been identified, a single poly(ADP-ribosyl) glyco-
hydrolase (PARG) mediates PAR degradation. Here we investigated the role of PARG in the replication of human chromosomes.
We show that PARG depletion affects cell proliferation and DNA synthesis, leading to replication-coupled H2AX phosphoryla-
tion. Furthermore, PARG depletion or inhibition per se slows down individual replication forks similarly to mild chemothera-
peutic treatment. Electron microscopic analysis of replication intermediates reveals marked accumulation of reversed forks and
single-stranded DNA (ssDNA) gaps in unperturbed PARG-defective cells. Intriguingly, while we found no physical evidence for
chromosomal breakage, PARG-defective cells displayed both ataxia-telangiectasia-mutated (ATM) and ataxia-Rad3-related
(ATR) activation, as well as chromatin recruitment of standard double-strand-break-repair factors, such as 53BP1 and RAD51.
Overall, these data prove PAR degradation to be essential to promote resumption of replication at endogenous and exogenous
lesions, preventing idle recruitment of repair factors to remodeled replication forks. Furthermore, they suggest that fork remod-
eling and restarting are surprisingly frequent in unperturbed cells and provide a molecular rationale to explore PARG inhibition
in cancer chemotherapy.

Cellular responses are crucial for the adaptability and survival
of a cell exposed to different types of endogenous and exoge-

nous stress. The DNA damage response (DDR) consists of one
such defense mechanism in response to different types of insults to
the DNA. Poly(ADP)ribosylation of proteins is one of the quickest
cellular responses to DNA damage and is brought about by pro-
teins of the poly(ADP) ribose polymerase family (PARP), mostly
PARP1 (1). Upon being recruited to sites of the DNA damage,
NAD� is used as a substrate by PARP to synthesize negatively
charged poly(ADP-ribosyl)ation (PAR) polymers onto itself and
also its target proteins (1). Through this posttranslational modi-
fication, PARP targets a variety of nuclear proteins to facilitate the
recruitment of DNA repair factors to sites of damage (2, 3). Ac-
cordingly, PARP-1 or PARP-2-deficient mice and mouse embry-
onic fibroblasts show chromosomal aberrations and various DNA
repair defects (4–6).

Inhibition of PARP has become a promising therapeutic ap-
proach for the treatment of certain types of cancer (7). It was
shown that PARP inhibitors could selectively kill homologous re-
combination (HR)-deficient cancer cells (8, 9). The reason behind
the sensitivity of HR-deficient cells to PARP inhibition is thought
to be the accumulation of single-stranded DNA (ssDNA) breaks
in the absence of PAR synthesis, leading to replication fork col-
lapse and double-stranded breaks (DSBs), which would then re-
quire HR factors for repair (8, 10). Recently, PARP activity has
also been reported to play a role in the control of replication
fork reversal upon topoisomerase 1 poisoning (11). Upon au-
to-PARylation, PARP1 interacts with the RecQ1 helicase and
inhibits its specific fork restart activity, thereby transiently pre-
venting restart of the reversed forks until repair of the damage
has occurred (12).

PAR synthesis is a highly dynamic process and is counteracted by
fast degradation by poly(ADP-ribosyl) glycohydrolase (PARG), an
enzyme with both endo- and exoglycosidase activities (13, 14).
PARG has 4 different isoforms in the cells: 99-kDa and 102-kDa

isoforms, which localize to the cytoplasm, a 110-kDa isoform,
which localizes to the nucleus, and a 60-kDa isoform, which local-
izes to the mitochondria (15). PARG activity has been previously
associated with the control of various cellular processes, including
response to oxidative stress and apoptosis (16, 17). Depleting all
isoforms of PARG in mice results in embryonic lethality (18).
However, a hypomorphic mutant for the nuclear isoform is viable
but is highly sensitive to treatments with alkylating agents and
ionizing radiation, implicating nuclear PARG in the maintenance
of genome stability (19). Accordingly, PARG is recruited to DNA
repair sites through PARP- and PCNA-dependent pathways (20,
21) and prevents mitotic catastrophe upon treatments with ioniz-
ing irradiation (22). It was also reported recently that BRCA2-
deficient cells are exquisitely sensitive to PARG inhibition, sug-
gesting that PARG functionally assists PARPs in preventing
deleterious events at the replication fork (23). However, the mo-
lecular mechanisms underlying PARG involvement in DNA rep-
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lication and repair have remained elusive, limiting also the possi-
ble clinical applications of PARG inactivation in cancer therapy.

Most recently, cells experiencing a stable downregulation of
PARG were reported to display various phenotypes, such as in-
creased lethality and defective HR-dependent recovery of col-
lapsed forks, upon prolonged nucleotide depletion (24). How-
ever, the cell biological assays used in that study failed to reveal any
specific defect associated with PAR accumulation during unper-
turbed replication or mild replication stress. In this work, using
the same cellular system, we show that PARG depletion signifi-
cantly interferes with the DNA replication process, even in the
absence of exogenous genotoxic stress. PARG-depleted cells dis-
play DDR activation in S-phase, which is associated with slow fork
progression, accumulation of abnormal DNA replication inter-
mediates, and chromatin recruitment of DSB repair factors in the
absence of detectable DSB. All these phenotypes are exacerbated
by mild chemotherapeutic treatments. Our results indicate that
replication fork reversal and restart—tightly controlled by PAR
metabolism—are remarkably frequent events at endogenous le-
sions and/or difficult-to-replicate sequences. Furthermore, they
provide mechanistic insight into the potential use of PARG inac-
tivation in combination with DNA-damaging agents.

MATERIALS AND METHODS
Materials. The following antibodies were used: ataxia-telangiectasia-mu-
tated (ATM) p1981 (Epitomics, catalog no. 2152-1), ATM (2C1; Gene
Tex, no. GTX70103), �H2AX (Millipore, no. 05-636), 53BP1 (Santa Cruz,
no. sc-22760), CHK1 pS345 (Cell Signaling, no. 2348), CHK1 (Santa
Cruz, no. sc-8408), KAP1-pS824 (Bethyl, no. A300-767A), KAP1 (Bethyl,
no. A300-274A), Phospho-RPA32 (S4/S8) (Bethyl Laboratories, Inc., no.
A300-245A), RPA32 (Calbiochem, no. NA19L), Rad51 (Santa Cruz, no.
sc-8349), TFIIH (Santa Cruz, no. sc-293), and �-tubulin (Santa Cruz,
no. sc-5274). Camptothecin (CPT) was purchased from Sigma Chemi-
cals. Gallotannin (GLTN) was purchased from Enzo Life Sciences (no.
ALX-270-418-G001) and added at a final concentration of 20 �M for 24 h.

Cell lines and culture conditions. Short hairpin control (shCtrl) and
shPARG SilenciX HeLa cell lines were purchased from Tebu Bio SAS, Le
Perray En Yvelines, France (product no. 00301-00085). Cell cultures were
maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum and standard antibiotics (150 �g/ml).
Hygromycin was added to the medium to provide selection pressure in
the SilenciX cell lines. Effective PARG downregulation by small interfer-
ing RNA (siRNA) was achieved by double transfection (at 24 h) of U-2 OS
(U2OS) cells with 40 nM siGENOME human PARG (8505) siRNA
(SMARTpoolAlias: no. M011488020005). All experiments were per-
formed 72 h after the first transfection.

Proliferation curves and clonogenic assays. Cells (3 � 105) were
seeded in 10-cm-diameter dishes at day 0. After 1, 2, 3, and 4 days, the cells
were collected by trypsinization and counted using a Neubauer chamber.
The proliferation rate was plotted as the fold change in total cell number
with respect to the number of cells seeded at day 0 using Graphpad Prism
software. For clonogenic assays, 4,000 cells were seeded in 10-cm-diame-
ter dishes. Colonies were fixed for 15 min with 4% formaldehyde 9 days
after seeding, stained with crystal violet, and counted.

Flow cytometry. For flow cytometric analysis of �H2AX, EdU, and
DAPI (4=,6-diamidino-2-phenylindole), cells were labeled for 30 min
with 10 �M EdU, harvested, and fixed for 10 min with 4% formaldehyde–
phosphate-buffered saline (PBS). Cells were washed with 1% bovine se-
rum albumin (BSA)–PBS (pH 7.4), permeabilized with 0.5% saponin–1%
BSA–PBS, and stained with anti-�H2AX antibody (Millipore, no. 05-636)
for 2 h, followed by incubation with a suitable secondary antibody for 30
min. Incorporated EdU was labeled according to the manufacturer’s in-
structions (Invitrogen, no. C35002). DNA was stained with 1 �g/ml

DAPI, and samples were measured on a Cyan ADP flow cytometer (Beck-
man Coulter) and analyzed with Summit software v4.3.

DNA fiber analysis. Asynchronous cells were labeled with 30 �M
CldU, washed, and exposed to 250 �M IdU (with or without camptoth-
ecin [CPT]) before collection and resuspension in PBS. Cells were then
lysed and DNA fibers stretched onto glass slides, as described previously
(25). The fibers were denatured with 2.5 M HCl for 1 h, washed with PBS,
and blocked with 2% BSA–phosphate-buffered saline–Tween 20 for 30
min. The newly replicated CldU and IdU tracks were revealed with anti-
BrdU antibodies recognizing CldU and IdU, respectively. The secondary
antibodies used were anti-mouse antibody–Alexa Fluor 488 and anti-rat
antibody–Cy3. Microscopy was done using a Leica DMRB microscope
equipped with a Leica DFC360 FX camera. Images were taken at �63
magnification, using Leica Application Suite 3.3.0. Statistical analysis was
carried out using GraphPad Prism.

Immunofluorescence staining and confocal microscopic analysis.
Cells were pre-extracted for 10 min on ice using 25 mM HEPES (pH 7.4),
50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose, and 0.5%
Triton X-100 and then fixed using 4% formaldehyde. The cells were then
stained with 53BP1, Rad51, RPA, and �H2AX antibodies, detected by
appropriate secondary antibodies, and mounted with Vectashield (Vector
Laboratories). Cells were imaged with a Leica TCS Sp5 microscope. Im-
ages were taken at �63 magnification, using Leica Application Suite Ad-
vanced Fluorescence software. At least 100 cells were analyzed for the
statistical analysis.

Western blot analysis. Whole-cell extracts were prepared in Laemmli
buffer (120 mM Tris-Cl [pH 6.8], 4% SDS, 20% glycerol); proteins were
resolved by SDS-PAGE and transferred to nitrocellulose membranes. Im-
munoblots were carried out using the appropriate antibodies.

DSB detection by PFGE. DSB detection by pulsed-field gel electro-
phoresis (PFGE) was performed as reported previously (11). Briefly, cells
were embedded in a 0.8% agarose plug (2.5 � 105 cells/plug), digested in
lysis buffer (100 mM EDTA, 1% [wt/vol] sodium lauryl sarcosine,
0.2% [wt/vol] sodium deoxycholate, 1 mg/ml proteinase K) at 37°C for
48 h, and washed in 10 mM Tris-HCl (pH 8.0)–100 mM EDTA. Elec-
trophoresis was performed at 14°C in 0.9% (wt/vol) pulse field-certi-
fied agarose (Bio-Rad) containing Tris-borate-EDTA buffer in a Bio-
Rad Chef DR III apparatus (9 h, 120°, 5.5 V/cm, and 30- to 18-s switch
time; 6 h, 117°, 4.5 V/cm, and 18- to 9-s switch time; and 6 h, 112°, 4
V/cm, and 9- to 5-s switch time). The gel was stained with ethidium
bromide and imaged on an Alpha Innotech imager.

EM analysis of genomic DNA mammalian cells. In vivo psoralen
cross-linking, isolation of total genomic DNA, and enrichment of the
replication intermediates and their electron microscopy (EM) visualization
were carried out as described previously (26). Briefly, cells were harvested,
and genomic DNA was cross-linked by two rounds of incubation in 10 �M
4,5=,8-trimethylpsoralen and 2 min of irradiation with 366 nm UV light. Cells
were lysed; genomic DNA was isolated from the nuclei by proteinase K diges-
tion and phenol-chloroform extraction. Purified DNA was digested with
PvuII, and replication intermediates were enriched on a BND cellulose col-
umn. EM samples were prepared by spreading the DNA on carbon-coated
grids and visualized by platinum rotary shadowing. Images were acquired on
a Philips CM 100 microscope and analyzed with ImageJ.

RESULTS
PARG depletion affects cell proliferation and interferes with
unperturbed DNA replication. To elucidate the functional rele-
vance of PARG activity for chromosome replication, we analyzed
a previously established cellular system for stable PARG depletion
in HeLa cells (22) (see Fig. S1A in the supplemental material). Our
single-cell immunostainings revealed PAR accumulation upon
PARG depletion, even in the absence of genotoxic treatments.
However, PARG-depleted cells showed small punctate PAR foci
distinct from the typical pannuclear staining observed upon treat-
ment with the genotoxic agent H2O2 (Fig. 1A), suggesting that

PARG Controls Replication Fork Speed and Structure

March 2015 Volume 35 Number 5 mcb.asm.org 857Molecular and Cellular Biology

http://mcb.asm.org


FIG 1 PARG depletion results in reduced proliferation and accumulation of DNA damage in replicating human cells. (A) Immunofluorescence analysis of shCtrl
and shPARG HeLa cells for formation of poly(ADP) ribosylation (PAR). H2O2 (1 mM) treatment (10 min) was used as a positive control. (B) Proliferation curves
of shCtrl and shPARG HeLa cells. The proliferation rate has been plotted as fold change in cell number with respect to the number of cells seeded at day 0. Median
values and standard deviations of the results from three independent experiments are indicated. (C) Clonogenic assay of the indicated cell lines, with median
values and standard deviations of the results from three independent experiments. Representative images are shown to indicate the marked effect of PARG
depletion on colony size. (D) Flow cytometric analysis of DNA synthesis (EdU) in shCtrl and shPARG HeLa cells with mock (NT) or camptothecin (CPT) (25
nM) treatment. EdU-negative cells represent G1 and G2/M cells. Appreciable differences were observed upon PARG depletion and/or CPT treatment in
EdU-positive (S-phase) cells. (E) Quantification of �H2AX-positive cells in shCtrl and shPARG cells with mock or CPT treatment. The percentage of �H2AX-
positive cells is indicated in parentheses. (F) Quantification of PAR (green)- and/or EdU-positive (red) shCtrl and shPARG HeLa cells, optionally treated with
H2O2. (G) Quantification of PAR (green)- and/or �H2AX-positive (red) shCtrl and shPARG HeLa cells, optionally treated with H2O2. In panels F and G gray
indicates double-negative cells and yellow indicates double-positive cells.
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PARG depletion leads to PAR accumulation specifically at sites of
endogenous DNA damage. Cell proliferation assays revealed that
PAR accumulation in shPARG cells is associated with decreased
cell proliferation compared to shCtrl cells (Fig. 1B). This is mostly
due to a prolonged division time, as clonogenic assays showed
markedly reduced colony size and marginal effects on clonogenic
potential in PARG-depleted cells (Fig. 1C). We next investigated if
reduced proliferation in PARG-deficient cells reflected problems
in chromosomal replication by assessing DNA content (DAPI),
DNA synthesis (EdU incorporation), and DNA damage accumu-
lation (H2AX phosphorylation) by flow cytometry (fluorescence-
activated cell sorter [FACS]) analysis. PARG depletion leads to
mild accumulation of S-phase cells (data not shown), accompa-
nied by a small but reproducible reduction in EdU incorporation
compared to control cells (Fig. 1D), suggesting that PAR accumu-
lation interferes with the replication process under unperturbed
conditions. Accordingly, H2AX phosphorylation—reportedly
higher upon PARG inactivation (23)—was specifically increased
in cells with intermediate DNA content, i.e., those undergoing
chromosomal replication (Fig. 1E; see also Fig. S1B in the supple-
mental material). Overall, the effects of PARG depletion on EdU
incorporation and H2AX phosphorylation were comparable to
those induced by mild treatment (25 nM) with the prototypical
Top1 poison camptothecin (CPT) (Fig. 1D and E), previously
shown to interfere with replication fork progression and to induce
fork reversal in the absence of detectable chromosomal breakage
(11). Indeed, PAR accumulation—which is cell cycle independent
upon H2O2 treatment— occurred specifically in S-phase (EdU-
positive [EdU�]) cells upon PARG depletion (Fig. 1F) and was
frequently associated with H2AX phosphorylation in the same cell
(Fig. 1G). Taken together, these data suggest that PARG depletion
affects cell proliferation and induces DNA damage by interference
with the replication process.

PARG depletion results in slow replication fork progression
even in the absence of genotoxic treatments. These effects on
bulk DNA replication in PARG-depleted cells prompted us to test
the effect of PARG depletion on the progression of individual
replication forks, using a well-established “DNA fiber spreading”

assay (25). Both shCtrl and shPARG cells were pulse labeled with
the thymidine analog CldU (detected as red tracks) for 30 min and
then for 30 min with a second thymidine analog (IdU, detected as
green tracks). Mild CPT treatment was optionally applied or not
applied during the second labeling. In agreement with previous
results (11), we confirmed that mild CPT treatments are suffi-
cient to significantly slow down replication fork progression in
control HeLa cells (Fig. 2). Surprisingly, replication fork pro-
gression was slowed down to a similar extent by PARG deple-
tion, even in the absence of exogenous genotoxic treatments.
Furthermore, CPT treatment in PARG-depleted cells led to
marginal further effects on the progression of individual forks
(Fig. 2). Taken together, these data suggest that interfering with
PAR catabolism by itself results in marked replication stress
and fork slowdown comparable to the effects of mild chemo-
therapeutic treatments.

PARG prevents the accumulation of reversed replication
forks and postreplicative ssDNA gaps. We next investigated
whether slow replication fork progression upon PARG depletion
was accompanied by altered architecture of replication interme-
diates, using a combination of in vivo psoralen cross-linking and
transmission electron microscopy (EM) (26). Interestingly, our
EM analysis revealed that depletion of PARG in unperturbed cells
resulted in a substantial accumulation of reversed replication
forks (25% versus 6% in control cells) (Fig. 3A and B; see also Fig.
S2A in the supplemental material). The frequency of reversed
forks in untreated PARG-depleted cells is close to that observed
with mild CPT treatments in control HeLa cells (36%) (Fig. 3B)
and that reported upon Top1 poisoning in yeast, Xenopus egg
extracts, U2OS cells, and mouse embryonic fibroblasts (15 to
40%) (11). Furthermore, PARG depletion increased the frequency
of reversed forks upon CPT treatments only marginally (from
36% to 42%) (Fig. 3B), mirroring our observations on fork pro-
gression examined by DNA fiber analysis (Fig. 2B). In addition to
fork reversal, approximately 50% of the replication forks in
PARG-depleted cells exhibited ssDNA gaps on replicated du-
plexes, compared to about 20% of the forks in control cells (Fig.
3C and D; see also Fig. S2B in the supplemental material). A sig-

FIG 2 PARG depletion slows down replication fork progression. (A) Schematic experimental conditions for DNA replication track analysis. shCtrl and shPARG
cells were labeled with CldU and IdU as indicated. Red and green identify CldU- and IdU-containing tracks, respectively. CPT (25 nM) was optionally added
concomitantly with the second label. Representative DNA fiber tracks from shCtrl and shPARG cells with or without CPT treatment are shown below the
schematic. Scale bar, 5 �m. (B) Statistical analysis of IdU tract length measurements from shCtrl or shPARG cells. Data represent relative lengths of IdU tracts
(green) synthesized after mock (NT) or CPT (25 nM) treatment. At least 125 tracks were scored for each data set. Whiskers indicate the 10 and 90 percentiles.
Statistical tests were performed using Mann-Whitney analysis: *, P � 0.0206; ***, P � 0.0001. Very similar results were obtained in two independent experiments.
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nificant fraction of replication intermediates from PARG-de-
pleted cells displayed 2 or more ssDNA gaps, detectable on both
replicated duplexes (Fig. 3D; see also Fig. S2B). As shown for fork
slowing and fork reversal, CPT treatment did not markedly in-

crease ssDNA gap accumulation in PARG-depleted cells (Fig. 3D).
Overall, these EM data show that PARG depletion in unperturbed
cells results in alterations of replication fork structure similar to
those seen with mild chemotherapeutic treatments.

FIG 3 PARG-depleted cells accumulate reversed forks and ssDNA gaps on replicated duplexes. (A) Representative electron micrograph of a reversed replication
fork observed on genomic DNA from non-shPARG-treated cells. The arrow points to the four-way junction at the replication fork, indicative of fork reversal. (B)
Frequency of fork reversal in shCtrl and shPARG HeLa cells treated with or without CPT (25 nM). The percentage values are indicated on top of the bars. The
numbers of analyzed molecules are indicated in parentheses. (C) Representative electron micrograph of a replication fork observed on genomic DNA from
non-shPARG-treated cells. The arrows point to ssDNA gaps along the replicated duplexes, detectable by locally reduced thickness of the DNA filament (26). (D)
Statistical distribution of the number of ssDNA gaps observed in the populations of molecules analyzed in panel B. Values very similar to those shown in panels
B and D have been obtained in another independent EM experiment.
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PARG prevents recruitment of DSB repair factors to replicat-
ing chromatin. Since PARG depletion results in profound struc-
tural alterations of replication intermediates and H2AX phos-
phorylation, we next tested whether this was accompanied by
detectable chromatin recruitment of other DDR factors, previ-
ously reported to respond to DSB. Our immunofluorescence (IF)-
based confocal imaging experiments confirmed our results (Fig.
1E) and the previously reported accumulation of �H2AX foci in
unperturbed PARG-depleted cells (23) (Fig. 4A). Surprisingly, we
noticed that, upon PARG depletion, a large fraction of �H2AX-
positive cells were also positive for the DSB repair factor 53BP1 in
both the absence and the presence of exogenous genotoxic stress
(CPT; Fig. 4A to C). Besides increasing the fraction of 53BP1-
positive cells (cells with more than five foci), PARG depletion
clearly increased the number of �H2AX and 53BP1 foci detected
in the positive-testing cells, leading to a dense, punctuated immu-
nostaining pattern that resembles control cells treated with mild
CPT doses (Fig. 4A and B). Importantly, these small 53BP1 foci
detected by confocal microscopy are clearly distinguishable from
the intense larger 53BP1 foci observed in infrared (IR)-treated
cells (see Fig. S3A and B in the supplemental material) and may
escape detection by epifluorescence microscopy (11). One possi-
ble interpretation of these data is that PARG depletion, similarly
to low CPT doses, leads to mild and transient chromosomal
breakage, marked by local 53BP1 recruitment. In line with this
hypothesis, one additional marker typically recruited to DSB
upon end resection—i.e., RAD51— displayed similar trends of
accumulation upon PARG depletion (Fig. 4D; see also Fig. S3C).

As for 53BP1 recruitment, PARG depletion per se was sufficient
to induce RAD51 recruitment at levels similar to those seen
with mild CPT treatments, albeit only in a subpopulation of the
�H2AX-positive cells (Fig. 4D; see also Fig. S3C). Taken to-
gether, these data indicate that DNA replication interference by
PARG depletion is associated with recruitment of DDR and
DNA repair factors to DSB or other replication-associated
DNA structures.

PARG downregulation and inhibition lead to similar pheno-
typic consequences. In order to test whether the described phe-
notypes are specifically and reproducibly induced by PARG inac-
tivation, we reverted to the Rb/p53-proficient osteosarcoma cell
line U-2 OS (U2OS) and induced either PARG downregulation by
siRNA transfection or PARG inhibition by gallotannin (GLTN)
(27). Importantly, despite different basal levels of endogenous
stress in U2OS and HeLa cells, the two independent strategies for
PARG inactivation in U2OS cells led to similar phenotypic conse-
quences (Fig. 5), which were largely comparable to those already
described in stably downregulated HeLa cells (Fig. 2 to 4). Specif-
ically, PARG downregulation or inhibition led to significantly
slower replication fork progression (Fig. 5A), to 3-to-5-fold accu-
mulation of reversed replication forks (Fig. 5B), and to marked
accumulation of �H2AX foci, frequently associated with chroma-
tin recruitment of the DNA repair factors 53BP1 and RAD51 (Fig.
5C and D). Thus, the peculiar phenotypic consequences of PARG
downregulation during unperturbed replication can be repro-
duced in a different human cell line and can be recapitulated by
treatment with the PARG inhibitor gallotannin.

FIG 4 PARG depletion leads to chromatin accumulation of typical DSB markers. (A and B) Representative images from confocal immunofluorescence analysis
of shCtrl and shPARG cells treated with or without 25 nM CPT and stained for �H2AX, 53BP1, and RAD51. In panel B, to better reveal the increased numbers
of 53BP1 and RAD51 foci in positive-testing shPARG cells versus shCtrl cells, fewer untreated cells are shown at higher magnification. (C and D) Quantification
plots show the percentages of �H2AX-positive cells also positive for 53BP1 and RAD51, respectively.
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Depletion of PARG results in checkpoint activation uncou-
pled from detectable DSB formation. In line with the hypothesis
that unusual DNA structures resembling DSB may accumulate
upon PARG depletion, promoting the recruitment of repair fac-
tors, we observed that PARG-depleted cells display basal activa-
tion of ataxia-Rad3-related (ATR)/Chk1 and ATM/Kap1 path-
ways in the absence of exogenous damage. Upon mild CPT
treatment, ATM and ATR activation in PARG-depleted cells be-
comes comparable to that seen in IR-treated cells (Fig. 6A). Using
an optimized pulsed-field gel-electrophoresis (PFGE) protocol,
which can detect �100 DSB per cell (11, 12), we verified that ATM
and ATR activation upon IR treatment is associated with marked
accumulation of DSB (Fig. 6B) and with the expected phosphor-
ylation of RPA32 on S4/S8 (Fig. 6A), a typical DSB marker (28).
However, PARG depletion, even in combination with mild CPT
treatments, was associated neither with detectable chromosomal
breakage over background levels nor with any detectable RPA32-
S4/S8 phosphorylation (Fig. 6). These surprising results uncouple

DSB formation from ATM/ATR signaling and 53BP1/RAD51
recruitment and strongly suggest that checkpoint activation
and recruitment of repair factors upon PARG inactivation con-
ditions reflect accumulation of unusual DNA structures differ-
ent from DSB.

DISCUSSION

In this report, we show that depletion or inhibition of PARG in
human cells results in reduced cell proliferation associated with
impairment of the DNA replication process. This is accompanied
by detection of several recognized markers of replication stress,
such as H2AX hyperphosphorylation in S phase, impaired pro-
gression of individual replication forks, and checkpoint activa-
tion. Notably, impaired replication fork progression is accompa-
nied by a widespread alteration of the fork structure, such as
accumulation of postreplicative ssDNA gaps and reversed replica-
tion forks. Accumulation of these unusual structures during rep-
lication is accompanied by chromatin recruitment of DDR and
DSB repair factors, in the absence of detectable chromosomal
breakage. Importantly, albeit exacerbated by genotoxic treat-
ments, all these phenotypes are already clearly detectable in un-
perturbed PARG-depleted cells, clearly showing that PAR catab-
olism is of crucial importance to assist complete and effective
replication during unperturbed S phase.

PARP activity was recently reported to mediate accumulation
of reversed replication forks upon Top1 inhibition (11), by tran-
siently inhibiting the fork restart activity of the RecQ1 helicase
(12), in order to coordinate fork restart with repair of the damaged
template. While PARG inactivation was thus expected to induce
reversed fork accumulation upon CPT treatment, the drastic ac-
cumulation of reversed forks and the global reduction of fork
speed in untreated PARG-deficient cells are important unex-
pected observations. These data strongly suggest that remarkably
frequent endogenous lesions and/or alternative DNA structures
induce transient reversal of replication forks in unperturbed S
phase, rendering active PAR degradation essential to ensure con-

FIG 5 PARG inactivation by different methods leads to replication interfer-
ence and DDR marks. (A) PARG levels after siRNA-mediated depletion were
detected by immunoblotting. GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) was used as the loading control. DNA fiber experiments were per-
formed as in Fig. 2A (no CPT treatment), but with a 20-min labeling time. Data
represent the results of statistical analysis of IdU tract (green in Fig. 2A) length
measurements in U2OS cells 72 h after siLuc or siPARG transfection or upon
mock treatment (NT) or 20 �M gallotannin (GLTN) treatment for 24 h. At
least 100 tracks were scored for each data set. Whiskers indicate the 10 and 90
percentiles. Statistical tests were performed using Mann-Whitney analysis; **,
P � 0.001. (B) Frequency of fork reversal in U2OS cells 72 h after siLuc or
siPARG transfection or upon mock treatment (NT) or 20 �M gallotannin
(GLTN) treatment for 24 h. The numbers of analyzed molecules are indicated
in parentheses. (C and D) Quantification plots to show the percentage of
�H2AX-positive cells also positive for 53BP1 and RAD51, respectively, in
U2OS cells 72 h after siLuc or siPARG transfection or upon mock treatment
(NT) or 20 �M gallotannin (GLTN) treatment for 24 h.

FIG 6 Checkpoint activation upon PARG depletion can be uncoupled from DSB
formation. (A) Western blot analysis of ATR checkpoint activation (CHK1 phos-
phorylation) and ATM checkpoint activation (ATM and KAP1 phosphorylation,
respectively) in shCtrl and shPARG HeLa cells optionally treated with CPT (25
nM) or 20 Gy IR. IR was used as a positive control for ATM/ATR checkpoint
activation. RPA32 phosphorylation in S4/S8 is used as a marker for DSB forma-
tion. Total ATM, KAP1, CHK1, and RPA32 levels are displayed, and GAPDH was
used as loading control. (B) PFGE analysis of DSB formation in shCtrl and
shPARG HeLa cells optionally treated with CPT (25 nM). IR (20 Gy) treatment in
shCtrl cells was used as a positive control for DSB formation.

Ray Chaudhuri et al.

862 mcb.asm.org March 2015 Volume 35 Number 5Molecular and Cellular Biology

http://mcb.asm.org


tinued replication fork progression once DNA synthesis can re-
sume (Fig. 7). This is in agreement with the recent finding that
repetitive DNA sequences with a propensity to form non-B DNA
structures induce reversal of traversing replication forks at re-
markably high frequencies (29). Considering the high number of
endogenous DNA lesions (30) and the abundance of non-B-form-
ing structures in the human genome (31), it is conceivable that
fine-tuning of PAR synthesis and degradation at a number of
chromosomal locations plays a pivotal role in assisting complete
and faithful replication of the human genome. These observations
may contribute to explain the mitotic defects previously associ-
ated with the essential role of PARG in development, as deletion of
all isoforms of PARG leads to embryonic lethality in mice (29).

PARG inhibition was shown to kill homologous recombina-
tion (HR)-defective cells, via a replication-dependent mechanism
(23). Although the effect of PARG inhibition on the replication
process was not directly investigated, the authors postulated that
replication fork collapse by PARG inhibition may lead to DSB
formation and thus the HR requirement to restart collapsed forks.
Analogously, PAR accumulation was recently reported to affect
recovery of replication forks collapsed by prolonged nucleotide
depletion, possibly by interfering with RPA loading on the result-
ing ssDNA (24). These studies seemed to suggest that PAR catab-
olism assists the replication process only under the conditions of
extensive genotoxic stress associated with fork breakage. How-
ever, taking advantage of single-molecule analysis of the replica-
tion process, we now show that PARG inactivation affects the

progression of all replication forks and alters the molecular archi-
tecture of a significant fraction of replication intermediates, in the
absence of detectable chromosomal breakage. We also show that
accumulation of these unusual replication intermediates is ac-
companied by DDR activation and chromatin recruitment of DSB
repair factors, suggesting the conceptually attractive hypothesis
that the formation of DNA ends (regressed arms) by fork reversal
could contribute to checkpoint signaling. It should be noted, how-
ever, that other experimental conditions recently reported to in-
duce similar levels of reversed replication forks have not been
associated with DDR activation (11, 32–34), excluding the possi-
bility that fork reversal per se is sufficient to induce checkpoint
activation and chromatin recruitment of DSB repair factors.
Checkpoint activation upon PAR accumulation may directly re-
flect the recently reported physical association of PAR with check-
point factors, such as CHK1 (35). Alternatively, the persistence of
reversed forks upon impairment of PAR degradation may lead to
recruitment of cellular factors usually recruited at DSB (53BP1
and RAD51), either before or after nucleolytic processing of the
stalled reversed forks (Fig. 7). Furthermore, recruitment of these
factors and ATR/ATM checkpoint activation may be linked to
minor changes in the molecular architecture of reversed forks as-
sociated with their persistence, which may escape systematic EM
detection. In this scenario, upon PARG depletion and reversed
fork accumulation, HR and other DSB repair factors may become
essential to drive alternative, RecQ1-independent pathways for
the restart of reversed replication forks. This may provide an al-
ternative explanation for the reported requirement of HR for cell
survival upon PARG inhibition (23). Detection of ssDNA gaps has
been linked in model systems to repriming events across DNA
lesions (36, 37). Although we cannot directly link the observed
accumulation of postreplicative ssDNA gaps to the persistence of
reversed forks, a tantalizing alternative hypothesis is that ssDNA
gaps may accumulate on replicated duplexes as a consequence of
RecQ1-independent replication fork restart (Fig. 7). These restart
events may entail nucleolytic degradation rather than branch mi-
gration of the reversed forks (12), in agreement with the nucleo-
lytic processing of reversed forks previously reported in yeast (38,
39). Regardless of their source, postreplicative ssDNA gaps can
certainly contribute to explain the observed accumulation of
RAD51 in PARG-depleted cells. Intriguingly, RAD51 was previ-
ously reported to limit ssDNA accumulation at yeast and Xenopus
replication forks, especially in response to genotoxic stress (40).
Furthermore, RAD51 itself and several HR and Fanconi anemia
factors were shown to prevent excessive degradation of newly syn-
thesized DNA in response to replication stress (41, 42). Whether
the role of HR factors in the face of endogenous or exogenous
replication stress is related to replication fork remodelling will be
the subject of intense studies in the near future.

Altogether, our data illustrate that PAR degradation is required
for remodeling of replication forks in unperturbed S phase and
thus provide mechanistic insight into the essential role of PARG in
cell growth and development. At the same time, we provide a
molecular basis for the anticipated use of PARG inhibitors to po-
tentiate cancer chemotherapy, by showing that the molecular de-
fects associated with PARG inactivation are exacerbated by mild
chemotherapeutic treatments (43). This attractive therapeutic
perspective has been hampered thus far by the limited specificity
of the currently available PARG inhibitors (14), which will be
likely improved based on the recent resolution of the PARG crystal

FIG 7 Model suggesting the role of PARG in continued DNA replication
under conditions of endogenous and exogenous genotoxic stress. In control
cells, replication forks encountering endogenous lesions or non-B DNA struc-
tures (filled stars) undergo dynamic fork reversal, promoted by as-yet-un-
known factors and stabilized by PARP-mediated transient inhibition of fork
restart. Once the lesion/structure is repaired/resolved (empty stars), PARG
locally overcomes PARP inhibitory activity and mediates fork restart, ensuring
replication completion and genome integrity. In the absence of PARG, forks
reversed at endogenous lesions/non-B DNA structures fail to restart due to a
lack of PAR degradation. Persistence and/or processing of reversed forks leads
to unscheduled recruitment of DNA repair factors resulting in pathological
DNA structures, impaired replication, checkpoint activation, and genome in-
stability. Accumulation of postreplicative ssDNA gaps may arise from alterna-
tive pathways of fork restart or by independent molecular mechanisms. The
molecular defects associated with PARG inactivation are exacerbated by exog-
enous sources of genotoxic stress, increasing the number of potential fork-
blocking lesions on chromosomal DNA.
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structure (44). At least one additional protein—i.e., the ADP-
ribose protein glycohydrolase TARG1— has been recently shown
to assist PARG in full removal of PAR chains from target proteins
and has been implicated in human disease (45); it will thus be
important to test the possible involvement of this and possibly
other PAR-degrading enzymes in the maintenance of genome sta-
bility during replication.
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